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Abstract
We revisit the possibility of producing observable tensor modes through a continuous particle
production process during inflation. Particularly, we focus on the multi-field realization of infla-
tion where a spectator pseudoscalar σ induces a significant amplification of the U(1) gauge fields
through the coupling ∝ σFµνF˜µν . In this model, both the scalar σ and the Abelian gauge fields
are gravitationally coupled to the inflaton sector, therefore they can only affect the primordial
scalar and tensor fluctuations through their mixing with gravitational fluctuations. Recent studies
on this scenario show that the sourced contributions to the scalar correlators can be dangerously
large to invalidate a large tensor power spectrum through the particle production mechanism. In
this paper, we re-examine these recent claims by explicitly calculating the dominant contribution
to the scalar power and bispectrum. Particularly, we show that once the current limits from
CMB data are taken into account, it is still possible to generate a signal as large as r ≈ 10−3 and
the limitations on the model building are more relaxed than what was considered before.
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1
1 Introduction
In single scalar field models of inflation, it is commonly stated that a detection of primordial
gravitational waves (GW’s) provides us both the energy scale at which inflation takes place and
a lower bound on the field space excursion of the inflaton. These direct relationships can be
understood in terms of the strength of the signal which is parametrized by the tensor-to-scalar
ratio r ≡ ∆2t /∆2s :
Hinf ' 2.8× 10−5
( r
0.07
)1/2
Mpl,
∆φ
Mpl
& 5.6
( r
0.07
)1/2
. (1.1)
This is why the observation of GW’s from inflation is one of the main objectives of the current
and upcoming CMB experiments that are expected to be sensitive to a signal at the level of,
r . 10−3 [1, 2].
The observation of GW’s of primordial origin does not ensure that the expressions in (1.1)
is valid as it relies on the assumption that metric fluctuations originate from quantum vacuum
fluctuations during inflation. In principle, it is possible to invalidate this result by considering
additional fields during inflation that are not in their vacuum configuration [3, 4]. However,
recent studies have shown that it can be challenging to realize such mechanisms without spoiling
the successful predictions of inflation. The main issue here is that the source of the GW’s also
interacts with the visible sector directly with a coupling that is stronger than the gravitational
strength, thus affecting the scalar perturbations to a high degree. As the sources are non-vacuum
contributions, this in general leads to large non-gaussian statistics for the scalar fluctuations
especially if we insist on a large tensor power spectrum that is dominated by these sources [5, 6].
A simple way of avoiding these conclusions is to consider a hidden sector that is only gravi-
tationally coupled to inflaton (therefore reducing the effects of the sources to a level consistent
with observations). Ref. [7] considered a possible mechanism satisfying this criteria where a
slowly-rolling1 spectator scalar σ amplifies Abelian gauge fields (through an axion-like coupling,
i.e. σFµνF˜
µν) which in turn act as an alternative2 source for GW’s. It was shown there that
the interaction δA + δA → δφ induced by the gravitational fluctuations leads to a negligible
contribution to the scalar correlators hence allowing to a visible sourced GW signal. The model
in [7] was further investigated in [23]. There it was shown that the dominant channel that feeds
into the curvature correlators is due to the conversion of the spectator fluctuations δσ (that is
sourced by the gauge fields) to the inflaton fluctuations δφ through the mass mixing between δφ
and δσ induced by the gravity: namely the process δA+ δA→ δσ → δφ (See also the discussion
in [6]). The authors in [23] then concluded that in order to avoid excess power in the scalar
fluctuations, the spectator field σ should decay3 in less than two e-folds Nσ . 2 in order to grant
for observably large tensors.
1See also a modified version of this scenario where the scalar field experiences a transient roll, namely σ˙2 6= 0
and σ˙2  2H2M2pl only for a limited time [8, 9].
2Other mechanisms for generating GW’s alternative to the standard vacuum fluctuations include the amplifi-
cation of chiral tensor modes in inflationary models with non-abelian gauge fields [10–16], amplification of tensor
modes by spectator fields [17–19], modification of tensor dispersion relation [20, 21] and breaking of space diffeo-
morphisms in the effective field theory approach to inflation [22].
3The mass mixing between the scalar fluctuations are proportional to ∝ √σ and therefore it is absent when
the spectator decays, i.e. σ → 0.
2
In light of these issues mentioned in the literature, in this work, we re-investigate the multi-
field model of [7]. For this purpose, focusing on spatially flat gauge, we explicitly calculate the
sourced scalar correlators in the model and show that a factor of (φNσ)
2 enters in the scalar
power spectrum, and a factor of (φNσ)
3 in the bispectrum. Although these findings are in
agreement with [23] qualitatively, we found that the model can still account for observably large
tensor modes (r ≈ 10−3 − 10−4) at CMB scales4 once the Planck limits on non-gaussianities are
respected while the spectator is allowed to roll for Nσ = 7− 10 before it decays.
The remainder of the paper is as follows. In Section 2, we give a brief overview of the model
including the background evolution and the particle production in the gauge field sector. In
Section 3, we study the dynamics of scalar and tensor fluctuations sourced by the gauge field
and identify the important observables at CMB scales. In Section 4, we summarize our results
for scalar and tensor correlators and discuss in detail the phenomenology that might arise in
light of the constraints on non-gaussianity at CMB scales and from model building. In Section
5, we present our conclusions. This works is supplemented by three appendices. In Appendix A,
we present the all the interaction terms in the model using the ADM formalism and investigate
in detail all the source terms in the equations of motion of scalar and tensor fluctuations. In
Appendix B, we review the details of gauge field production. In Appendix C, we present the
calculational details for the scalar power spectrum and bispectrum.
Notation and conventions. We will use natural units, ~ = c = 1, with reduced Planck mass
M2pl = (8piG)
−1. Our metric signature is mostly plus sign (−,+,+,+). Greek indices stand for
space-time coordinates, while Latin indices denote spatial coordinates. Overdots and primes on
time dependent quantities will denote derivatives with respect to coordinate time t and conformal
time τ , respectively. During inflation, we take a(τ) = 1/(−Hτ)1+ with H is the physical Hubble
rate, while the comoving one is denoted by H = aH.
2 The Model
We consider the model described by the following matter Lagrangian [7],
Lm = − 1
2
(∂φ)2 − Vφ(φ)︸ ︷︷ ︸
Inflaton Sector
− 1
2
(∂σ)2 − Vσ(σ)− 1
4
FµνF
µν − σ
4f
FµνF˜
µν ,︸ ︷︷ ︸
Hidden Sector
(2.1)
where φ is the inflaton and the hidden sector includes the pseudoscalar σ, the gauge field Aµ and
their interaction through the Chern-Simons term. Here, Vφ(φ) and Vσ(σ) are the potential of the
inflaton and the pseudoscalar, whereas the gauge field strength tensor and its dual are defined by
Fµν = ∂µAν − ∂νAµ and F˜µν ≡ ηµνρσFρσ/(2√−g) where alternating symbol ηµνρσ is 1 for even
permutation of its indices, −1 for odd permutations, and zero otherwise.
4Apart from the observational consequences at CMB scales, this scenario have a rich variety of observational
implications such as observable GW’s at interferometer scales [3, 24–26], parity violation at CMB [27–29] and at
interferometer scales [30] and primordial black holes [31, 32] in different regions of its parameter space.
3
2.1 Background dynamics
We assume that φ and σ take homogeneous vacuum expectation values (vev), φ0(t) and σ0(t),
respectively and the background spacetime takes the flat FLRW form: diag(−1, a2, a2, a2). Then
the equations of motion for the background fields can be obtained from (2.1)
φ¨0 + 3Hφ˙0 + V
′
φ(φ0) = 0, (2.2)
σ¨0 + 3Hσ˙0 + V
′
σ(σ0) =
1
f
〈 ~E. ~B〉, (2.3)
where H is the physical Hubble rate. Here, we assumed that the gauge fields have no vev and
hence we introduced their effects on the background evolution as higher order expectation values
using the mean field approximation. These equations can be combined with Friedmann equations
to determine the full background evolution
3H2M2pl =
1
2
φ˙2
0
+
1
2
σ˙2
0
+ Vφ(φ0) + Vσ(σ0) +
1
2
〈 ~E2 + ~B2〉,
−2H˙M2pl = φ˙20 + σ˙20 , (2.4)
As in [7], we consider a multi-field inflationary setup where both background fields are rolling
slowly at approximately constant velocity5, i.e. |φ˙0 | 
√
2HMpl, |σ˙0 | 
√
2HMpl where the
background dynamics are mainly controlled by the inflaton, ρσ  3H2M2pl ≈ V (φ). Note that
these conditions do not necessarily imply a hierarchy between the velocities (or for the ratio of the
slow-roll parameters) of the scalar fields. In addition to the assumptions above, we will require
that σ rolls by a small amount of e-folds Nσ compared to the total duration of inflation
6 and
settles to the minimum of its potential long before inflation ends. This can be easily realized by
choosing suitable initial conditions together with a potential Vσ that has a larger slope compared
to the slow-roll potential of the inflaton Vφ.
In order to avoid back-reaction of the produced gauge quanta on the expansion of the universe,
we require the source of the particle production to be larger then the energy density contained
in the gauge fields. Using the expression in (2.17), this gives
σ˙2
0
> 〈 ~E2 + ~B2〉 → H
2
σ˙0
< 60ξ3/2e−piξ. (2.5)
On the other hand, the gauge field should have a negligible contribution on the background
evolution of σ, which requires |U ′σ| < f−1|〈 ~E. ~B〉 in (2.7). Using the first expression in (2.17), this
condition can be shown to be sub-dominant compared to the one we consider in equation (2.5).
In this paper, we will work in the regime of negligible back-reaction. In this case, the back-
ground model we described above can be approximated by the following equations,
φ¨0 + 3Hφ˙0 + V
′
φ(φ0) = 0, (2.6)
σ¨0 + 3Hσ˙0 + V
′
σ(σ0) ' 0 (2.7)
5Up to corrections of the order of the change in slow-roll parameters of the fields which we assume to be small
˙/H  1
6In Section 3 and 4, we will show that this requirement on the background model essentially originates in order
to reconcile with cosmological observations.
4
and
3H2M2pl ≈ Vφ(φ0),
−2H˙M2pl = φ˙20 + σ˙20 . (2.8)
2.2 Gauge Field Production
In this section, we briefly review the gauge field production7 in the background model described
above. The equation of motion for the gauge field can be obtained by varying the action in (2.1)
in Coulomb gauge (see Appendix A),
A′′i − ~∇2Ai −
aσ˙0
f
ijk ∂jAk = 0. (2.9)
We decompose the gauge field Ai in terms of the annihilation and creation operators in the usual
way,
Ai(τ, ~x) =
∑
λ=±
∫
d3k
(2pi)3/2
[
λi (
~k)Aλ(τ,~k)aˆλ(~k)e
i~k.~x + h.c.
]
, (2.10)
where the helicity vectors obey ki
±
i = 0, ijk kj 
±
k = ∓ik±i , ±i ±i = 0 and ±i ∓i = 1.
The annihilation/creation operators satisfy[
aˆλ(~k), aˆ
†
λ′(
~k′)
]
= δλλ′δ
(3)(~k − ~k′). (2.11)
Plugging the decomposition in (2.10) into (2.9), we write the equation of motion for the mode
functions of the gauge field as
A′′± +
(
k2 ± 2kξ
τ
)
A± = 0, (2.12)
where prime denotes a derivative with respect to conformal time dτ = dt/a and we have defined
a dimensionless measure of field velocity ξ ≡ σ˙0/2Hf . From equation (2.12), we see that positive
helicity modes of gauge field A+ exhibit tachyonic instability for modes satisfying −kτ < 2ξ where
we assumed σ˙0 > 0 without loss of generality. In the case that ξ varies slowly, i.e. ξ˙/ξH  1,
the growth of the fluctuations can be shown to satisfy
A+ ' 1√
2k
(−kτ
2ξ
)1/4
epiξ−2
√−2ξkτ (2.13)
for modes satisfying (8ξ)−1 . −kτ . 2ξ [5]. These modes account for the most of the power con-
tained in the gauge field fluctuations. Note that for ξ > 1/4 this phase space is non-vanishing. In
this work, we will work in the regime where ξ & O(1) to account for efficient particle production.
Since only the positive helicity modes are amplified, we will use the following expression for the
gauge fields in the rest of this paper
Ai(τ, ~x) =
∫
d3k
(2pi)3/2
ei
~k.~x+i (
~k)A+(k, τ)
[
aˆ+(~k) + aˆ
†
+(−~k)
]
, (2.14)
7Some details on particle production can be found in the Appendix B.
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where A+ is given in (2.13). For future reference, we also define “Electric” and “Magnetic” fields
8
which are related to the auxiliary potential Ai as
Ei = − 1
a2
A′i, Bi =
1
a2
ijk ∂jAk, (2.15)
and thus we have
Ei(τ, ~x) = − 1
a2(τ)
∫
d3k
(2pi)3/2
ei
~k.~x+i (
~k)A′+(k, τ)
[
aˆ+(~k) + aˆ
†
+(−~k)
]
,
Bi(τ, ~x) =
1
a2(τ)
∫
d3k
(2pi)3/2
ei
~k.~x+i (
~k) |~k| A+(k, τ)
[
aˆ+(~k) + aˆ
†
+(−~k)
]
. (2.16)
Using the expressions in (2.16), some important expectation values including electric and mag-
netic fields can be calculated analytically (see Appendix B):
〈 ~E. ~B〉 ' −2.4× 10−4H
4
ξ4
e2piξ,
1
2
〈 ~E2 + ~B2〉 ' 1.4× 10−4H
4
ξ3
e2piξ. (2.17)
These expectation values are useful in identifying back-reaction effects of the produced particles
on the background evolution as well as in constraining the allowed parameter space in the model
as we will turn later on.
3 Dynamics of the Fluctuations
The gravitational coupling between the inflaton and the hidden sector fields (σ and Ai) induces
source terms in the equation of motion of the inflaton fluctuations. We therefore expect to have
additional contributions to the curvature perturbation besides those due to vacuum fluctuations.
Moreover, the gauge field also give rise to a source term in the equation of motion of tensor modes
in addition to those generated by quantum vacuum fluctuations of the metric. In this section,
we will therefore focus on the correlators of scalar curvature perturbations and those involving
tensor metric perturbations in the presence of gauge fields. Some of the details regarding the
dynamics of the scalar and tensor fluctuations can be found in Appendix A.
3.1 Scalars
We start our discussion with scalar fluctuations as their dynamics are much more involved com-
pared to the tensors. In flat gauge, switching to conformal time dτ = dt/a, the equation of
motion of the inflaton fluctuation δφ in momentum space reads
δφ′′ + 2Hδφ′ + (k2 + a2V ′′φ ) δφ−
(
a2φ
′2
0
H
)
δφ
a2M2pl
−
(
a2φ
′
0
σ′
0
H
)
δσ
a2M2pl
' J (φ)GI (~k, τ), (3.1)
where the gravitationally induced source term is given by a convolution in momentum space,
J
(φ)
GI (
~k, τ) = − φ
′
0
2HM2pl
a2
k2
kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p, τ)Ej(~p, τ). (3.2)
8Although Ai is not neccessarily the Standard Model U(1) gauge field, we will continue to use the standard
electromagnatic notation for convenience.
6
The approximate equality in (3.1) is due to the fact that “magnetic” fields can be neglected
compared to the “electric” fields in the model under consideration (See the discussion in Section
3.1.1). In (3.1), it is important to note that metric fluctuations gave rise to a term proportional
to δσ, whose presence is crucial for the calculation of sourced scalar correlators in this model.
This is especially clear when we have a look at the e.o.m of spectator field fluctuations δσ:
δσ′′ + 2Hδσ′ + (k2 + a2V ′′σ ) δσ −
(
a2σ
′2
0
H
)
δσ
a2M2pl
−
(
a2φ
′
0
σ′
0
H
)
δφ
a2M2pl
' J (σ)(~k, τ), (3.3)
where the sourced δσ in (3.3) can leak into δφ (via δA+δA→ δσ → δφ) through the mixing term
in (3.1) as far as the spectator field rolls, i.e. σ′
0
6= 0. This is the process considered as dangerous
in [23] especially if we require the sourced tensor power spectrum (See Section 3.2) to dominate
over the vacuum fluctuations. Below, we will re-examine this claim in detail (see Section 4).
First, we focus on the coupled system of equations in (3.1) and (3.3) at leading order in slow-roll
expansion. The source term in the e.o.m of δσ consist of two parts and it is convinient to split
it into one that arise from the direct coupling of scalar σ to gauge fields plus a term induced by
gravity:
J (σ)(~k, τ) = J
(σ)
D (
~k, τ) + J
(σ)
GI (
~k, τ) (3.4)
with
J
(σ)
D (
~k, τ) =
a2
f
∫
d3p
(2pi)3/2
Ei(~k − ~p, τ)Bi(~p, τ), (3.5)
J
(σ)
GI (
~k, τ) ' − σ
′
0
2HM2pl
a2
k2
kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p)Ej(~p). (3.6)
Notice that for both scalar fluctuations there is a democratic source term induced by gravitational
fluctuations (see e.g. the equation (5.25) and (5.26) and the following discussion on source terms in
Appendix A). We define the canonical fields, ua = a (δφ, δσ)
T to re-write the system of equations
(3.1)-(3.3) as (
∂2τ + k
2 − 2
τ2
)
ua − Mab
τ2
ub = a(τ)
(
J
(φ)
GI
J (σ)
)
, (3.7)
where mass mixing between uφ and uσ is given by the following matrix [8, 33]
Mab =
 9φ + 3σ − 3ηφ 6
√
φσ
6
√
φσ 9σ + 3φ − 3ηφ
 , (3.8)
and where we have defined the slow-roll parameters
a ≡
φ˙2
0a
2H2M2pl
, ηa ≡M2pl
V,aa
V
, (3.9)
with a = {φ, σ} and V = Vφ + Vσ. The matrix Mab can be diagonalized by UMUT = Λ =
diag(λφ, λσ) where U(θ) is a rotation matrix:
U(θ) =
(
cos θ sin θ
− sin θ cos θ
)
. (3.10)
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To leading order in slow-roll expansion the eigenvalues of the matrix Λ are given by
λa =
3
2
[
4(φ + σ)− (ηφ + ησ)±
√
[2(φ − σ) + (ησ − ηφ)]2 + 16φσ
]
. (3.11)
Defining the eigenvectors of the Λ matrix by va = (U
T )abub, the diagonalized system can be
expressed as [
∂2τ + k
2 − 1
τ2
(
µ2a −
1
4
)]
va = a(τ) Sa(k, τ) (3.12)
where µa = 3/2 + λa/3 and we defined
Sa ≡
(
cos θ J
(φ)
GI + sin θ J
(σ)
− sin θ J (φ)GI + cos θ J (σ)
)
. (3.13)
As we are interested in the behavior of scalar fluctuations in the presence of gauge field sources,
we wrote the particular solution for the eigenvectors in (3.12), which is collectively given by
va(~k, τ) =
∫
dτ ′ Gµak (τ, τ
′) a(τ ′) Sa(~k, τ ′), (3.14)
where Gµak are the retarded Green functions for the homogeneous part of the equation (3.12)
labeled by the index µa:
Gµak (τ, τ
′) = Θ(τ − τ ′)pi
2
√
ττ ′
[
Jµa(−kτ)Yµa(−kτ ′)− Yµa(−kτ)Jµa(−kτ ′)
]
. (3.15)
Here, Θ is the Heaviside step function and J and Y denote Bessel function of real argument.
Ultimately, we are interested in the original variable uφ = aδφ as it is the one directly related to
the curvature perturbation (See the discussion in Section 3.1.2). Using the definition, ua = Uabvb,
the original mode function uφ is given by
uφ =
∫
dτ ′a(τ ′)
[
G
µφ
k (τ, τ
′)
(
cos2 θ J
(φ)
GI + cos θ sin θ J
(σ)
)
+Gµσk (τ, τ
′)
(
sin2 θ J
(φ)
GI − cos θ sin θ J (σ)
) ]
. (3.16)
Several simplifications can be made for the calculation of uφ in (3.16). First, since we are
interested in how δσ feeds into the inflaton perturbations while they are still outside the horizon,
the relevant solution for uφ is concerned with modes outside the horizon, therefore we can take
−kτ  1 inside the Green’s functions. On the other hand, source terms J (φ)(~k, τ ′) and J (σ)(~k, τ ′)
in (3.16) are exponentially suppressed for −kτ ′ & 1 (See for example (5.42)) which also allows us
to assume −kτ ′  1 in the propagator Gµak :
Gµak (τ, τ
′) '
√
ττ ′
2µa
(
τ ′
τ
)µa
. (3.17)
Furthermore, we can use the expression for the index of the Bessel functions µa = 3/2+λa(, η)/3
to employ a series expansion for Gµak :
Gµak ≡
√
ττ ′
3
(
τ ′
τ
)3/2(
1 +
λa
3
log
τ ′
τ
− 2λa
9
)
' G(3/2)k (τ, τ ′)
(
1 +
λa
3
log
τ ′
τ
− 2λa
9
)
. (3.18)
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where G
(3/2)
k corresponds to the propagator when µa = 3/2 in (3.17). Notice that first two terms
in the expression above give the dominant contribution, therefore we will drop the last term when
calculating uφ. Application of the arguments above to (3.16) gives
uφ(~k, τ) ' cos θ sin θ (λφ − λσ)
3
∫
dτ ′a(τ ′) G(3/2)k (τ, τ
′) log
(
τ ′
τ
)
J (σ)(~k, τ ′)
+
1
3
(
λφ cos
2 θ + λσ sin
2 θ
) ∫
dτ ′a(τ ′) G(3/2)k (τ, τ
′) log
(
τ ′
τ
)
J
(φ)
GI (
~k, τ ′)
+
∫
dτ ′a(τ ′) G(3/2)k (τ, τ
′)J (φ)GI (~k, τ
′). (3.19)
A final simplification can be made by noticing that the source terms J (φ) and J (σ) have peaks
around a small region including τ ′ ' −1/k and therefore the integrals in dτ ′ will be dominated
by these values of τ ′. This allows us to approximate log τ ′/τ appearing inside the integrals with
a constant factor of Nσ, the number of e-folds the σ field is rolling from the time the mode k has
left the horizon. With this replacement, the solutions described above corresponds to solving the
following equation of motion for uφ = aδφ,(
∂2τ + k
2 − 2
τ2
)
uφ ' Nσ
3
a(τ)
[
cos θ sin θ (λφ − λσ)J (σ) +
(
λφ cos
2 θ + λσ sin
2 θ
)
J
(φ)
GI
]
+ a(τ)J
(φ)
GI .
(3.20)
This equation includes an effective source as a combination of those for the fluctuations of the
inflaton and the spectator field. We will now turn to investigate these sources in some detail.
3.1.1 Estimation of sources in the equation of motion of uφ
In order to compare the relative importance of the source terms in (3.20), we first estimate the
relative amplitudes of the ~E and ~B, following a similar analysis in [34]. Going back to the solution
in (2.13) and using the definitions in (2.15), we obtain the ratio of the amplitudes of electric and
magnetic field as,
| ~E|
| ~B| ∼
A′+(k, τ)
kA(k, τ)
∼
√
ξ
−kτ ∼ ξ, (3.21)
where we have used −kτ ∼ ξ−1 for the optimal estimate on the ratio since for modes satisfying
−ξkτ  1, the power of the mode functions A+ are suppressed further (See i.e. equation (2.13)).
Using the exact relation, sin θ cos θ(λφ − λσ) = 6√φσ and the fact that λφ, λσ ≈ φ together
with ξ ≡ √σ/2 (Mpl/f), the following estimates can be made for the amplitude of the source
terms appearing in (3.20),
Nσ
3
a(τ) cos θ sin θ (λφ − λσ)J (σ) ∼ a3Nσ√φσ
[
1
f
[E ∗B]− σ
f
[E ∗B]
]
, (3.22)
Nσ
3
a(τ)
(
λφ cos
2 θ + λσ sin
2 θ
)
J
(φ)
GI ∼ −a3Nσ
√
φσ
[
φ
f
[E ∗B]
]
, (3.23)
a(τ)J
(φ)
GI ∼ −a3
√
φσ
[
1
f
[E ∗B]
]
. (3.24)
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In the estimates above we have suppressed the tensorial structure of the sources and relate
[E ∗ E] ∼ ξ [E ∗ B] where [E ∗ B] stands for convolutions of the form ∫ d3qE(~k − ~q)B(~q). It is
clear from the expressions above that the second term inside the square brackets in (3.22), as
well as the term in (3.23) are higher order in slow-roll and can be neglected compared to the
first term in (3.22): Nσ
√
φσ
[
1
f [E ∗B]
]
. Moreover, the last source term in (3.24) is of the same
order compared to this term for Nσ ∼ O(1) but for Nσ > 1, we expect it to be sub-dominant9.
Therefore, in the Nσ > 1 regime, we will focus on the following equation of motion,(
∂2τ + k
2 − 2
τ2
)
uφ ' a(τ)
3
f
2Nσ
√
φσ
∫
d3p
(2pi)3/2
Ei(~k − ~p, τ)Bi(~p, τ). (3.25)
In summary, from the perspective of the original equations of motion (3.1) and (3.3), the solution
to the equation for uφ = aδφ in (3.25) corresponds to the process where the δσ fluctuations are
produced through gauge fields by the dominant source term JD(~k, τ) in (3.5) and its subsequent
sourcing of δφ through the mixing terms in (3.1), namely the process δA + δA → δσ → δφ.
The estimates of various source terms above clearly shows that this is the dominant process as
far as the background field σ0 continues to roll after the observable scales crosses the horizon,
i.e. Nσ > 1.
3.1.2 The curvature perturbation ζ
In the case of single field inflation, it is enough to solve equation (3.25) to evaluate the curvature
perturbation through the relation ζ = −(H/φ′
0
a)uφ. However, in the presence of a second scalar
field σ, this relation in general does not hold. In this subsection, we will show under which
conditions we can trust the simple relation above. In flat gauge, the curvature perturbation can
be related to the energy density perturbation as [35],
ζ = −H
ρ′0
δρ. (3.26)
Without making any assumptions on the relative size of the kinetic terms of the scalar fields, the
derivative of the background energy density is given by ρ′
0
= −3H(φ′2
0
+ σ′2
0
)/a2. On the other
hand, energy density perturbation in (3.26) can be written in terms of the scalar field fluctuations
using the linearized Einstein equations in flat gauge. At leading order in scalar field fluctuations,
this gives [36, 37]
δρ ' −3H
a2
(
φ′
0
uφ
a
+ σ′
0
uσ
a
)
. (3.27)
Combining (3.27) and (3.26), we obtain the expression of ζ, in terms of the field perturbations
ζ = − 1
1 + Θ2
H
φ′
0
a
(uφ + Θ uσ) , (3.28)
where Θ ≡ σ′
0
/φ′
0
. In this work, we assume that σ rolls for a certain amount of e-folds Nσ before
it reaches to the minimum of its potential. In this case, the energy density and pressure in the
9In fact, the effect of this term on the curvature perturbation has been already studied in detail elsewhere [7]
and found to be negligible compared to the vacuum scalar fluctuations in the parameter space where the sourced
tensor spectrum (See section 3.2) is larger compared to the vacuum contribution.
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hidden sector rapidly drops to zero. In (3.28), this implies that Θ→ 0 and δρσ ∝ uσ → 0 at the
end of inflation and therefore the contribution of the hidden sector to the late time observable
curvature perturbation will be negligible10 [38]:
ζ ' − H
φ′
0
a
uφ. (3.29)
In such a situation, the only impact of hidden sector fluctuations on observed curvature pertur-
bation is through the linear mixing term they share with the inflaton perturbations (See equation
(3.1)). As we discussed earlier in Section 3.1.1, the main utility of this linear interaction is to
convert δσ sourced by the inverse decay process of gauge fields into δφ, i.e. through the process
δA + δA → δσ → δφ. In particular, in the presence of scalar mixing, we have showed that the
inverse decay of gauge fields can affect the dynamics of uφ through the source term in (3.25)
which is effective as long as σ rolls, i.e. σ′
0
6= 0 with Nσ 6= 0. Therefore the indirect influence
of the spectator fluctuation on late time observable ζ can be effectively captured by using the
standard relation in (3.29) where uφ is the solution to the mode equation given in (3.25) [8].
3.1.3 The sourced power spectrum and bispectrum
In order to calculate the power spectrum and bispectrum, we first seperate uφ into two parts
uφ = u
vac
φ + u
s
φ where u
vac
φ is the solution to the homogeneous part of (3.25) that reduces to
Bunch-Davies vacuum on small scales, whereas usφ stands for the particular solution obtained by
the Green’s function. These two components are not statistically correlated, and therefore the
dimensionless power spectrum can be written as,
k3
2pi2
〈ζ~k(τ)ζ~k′(τ)〉 ≡
[
∆2ζ,v(k) + ∆
2
ζ,s(k)
]
δ(~k + ~k′),
=
( H
φ′
0
a
)2 [
〈uvφuvφ〉+ 〈usφusφ〉
]
. (3.30)
Using the solution to the homogenous part of (3.25), one can obtain the standard vacuum con-
tribution to the power spectrum. At leading order in slow-roll expansion, this gives,
∆2ζ,v(k) =
H2
8pi2φM
2
pl
. (3.31)
In this section, we are mainly interested in the sourced power spectrum. For this we denote the
source term in the right hand side of (3.25) as J~k(τ), and write the sourced two point correlator
of ζ as
〈ζ~k(τ)ζ~k′(τ)〉s =
(H
φ′
0
)2 ∫
dτ ′dτ ′′
G
3/2
k (τ, τ
′)
a(τ)
G
3/2
k (τ, τ
′′)
a(τ)
〈 J~k(τ ′) J~k′(τ ′′) 〉, (3.32)
10During the Nσ e-fold of slow-roll evolution, one might worry about the production of large isocurvature
fluctuations along the light σ direction in field trajectory. However, the energy density in the σ field will decay
away soon after, erasing any observable affect of these fluctuations. Similarly, we do not expect any scale dependent
feature in the ζ correlators due to trapping of the field to its minimum as at this point energy density in the hidden
sector will be completely negligible. We thank to an anonymous referee for a discussion on this point.
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where
J~k(τ
′) = −2Nσ
√
φσ
a(τ ′) f
∫
d3p
(2pi)3/2
A′+(|~k − ~p|, τ ′) |~p| A+(|~p|, τ ′) Oˆi,~k−~p Oˆi,~p. (3.33)
In writing the expression above, we have only considered the amplified gauge field mode functions
and used the following decomposition of the electric and magnetic fields
Ei(~k, τ) = − 1
a(τ)2
A′+(|~k|, τ) Oˆi,~k,
Bi(~k, τ) =
1
a(τ)2
|~k| A+(|~k|, τ) Oˆi,~k (3.34)
with Oˆ
i,~k
≡ +i (~k)
[
aˆ(~k) + aˆ†(−~k)
]
. Note that in the second line of (3.34), we have also used the
identity, ijkkj
+
k (
~k) = −ik+i (~k). Making use of the solutions of the gauge field mode functions in
(2.13) (noting the relation in (5.43)) and the commutation relations in (2.11), it is straightforward
to evaluate the correlator in (3.32), details of which we leave to the Appendix C,
〈ζ~k(τ)ζ~k′(τ)〉s =
2pi2
k3
2.9× 10−4
(
φNσ∆
2
ζ,v(k)
)2 e4piξ
ξ6
δ(~k + ~k′). (3.35)
Therefore, combining with the vacuum contribution in (3.31), the total scalar power spectrum is
given by
∆2ζ(k) = ∆
2
ζ,v(k)
[
1 + γs
(
φNσ
)2
∆2ζ,v(k)
e4piξ
ξ6
]
, (3.36)
where γs ≡ 2.9× 10−4. We now turn to the calculation of the bispectrum which is simply given
by the equal time correlator of the curvature perturbation,
〈ζ~k1(τ)ζ~k2(τ)ζ~k3(τ)〉 = Bζ(k1, k2, k3) δ(~k1 + ~k2 + ~k3), (3.37)
where Bζ depends only on the magnitudes of the three external momenta. In general, bispectrum
also includes contributions from the vacuum fluctuations similar to the power spectrum. However,
this contribution is slow-roll supressed and in the presence of particle production in the gauge
field sector, we expect the sourced term to dominate the bispectrum. We therefore write,
〈ζ~k1(τ)ζ~k2(τ)ζ~k3(τ)〉 = −
(H
φ′
0
)3 ∫
dτ1dτ2dτ3
G
3/2
k (τ, τ1)
a(τ)
G
3/2
k (τ, τ2)
a(τ)
G
3/2
k (τ, τ3)
a(τ)
× 〈 J~k1(τ1) J~k2(τ2)J~k3(τ3) 〉. (3.38)
The calculation of the bispectrum is a bit more involved compared to the power spectrum. We
refer interested readers to the Appendix C. It is hard to evaluate the bispectrum for a general
shape triangle that is formed by the three external momenta in (3.38). We therefore spell out the
result in the equilateral configuration which nevertheless is expected to dominate the bispectrum
[5]:
Bζ(k, k, k) ' 10−9 N3σ
(
H
Mpl
)6 e6piξ
ξ9
1
k6
. (3.39)
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Note that scalar contribution to non-gaussianities we found here is much larger than the level
of non-gaussianity induced by tensor perturbations [27]. To match with the CMB data, we are
interested in the non-linearity parameter fNL which can be defined at the equilateral configuration
as
f eqNL(k, k, k) =
10
9
k6
(2pi)5/2
Bζ(k, k, k)
[∆2ζ(k)]
2
. (3.40)
Finally, combining (3.39) and (3.40) gives
f eqNL ' 5.4× 10−6
(
φ Nσ ∆
2
ζ,v(k)
)3
[∆2ζ(k)]
2
e6piξ
ξ9
. (3.41)
Now, we would like to comment on our results in the light of the recent investigations in
the literature. The expressions we found for the scalar power spectrum and the non-linearity
parameter shows the extent of the leak of the non-gaussianities from the hidden sector to the
visible sector through the process: δA + δA → δσ → δφ. In comparison with the case that the
visible sector (inflaton) directly couples to the gauge field [5], i.e. through the process δA+δA→
δφ, the non-gaussian contribution we present here is reduced by factors of φN
σ
k in (3.36) and
(3.41). On the other hand, we see that even if we set Nσ = 1, the sourcing of the curvature
perturbation in this channel is two orders of magnitude larger than those considered in [7] where
only the contributions to the curvature correlators that are induced through gravity are taken
into account (e.g. compare the equations (108) and (110) in that work with (3.36) and (3.41) in
here). We note that the importance of the process, δA + δA → δσ → δφ, was first considered
in [23], then in [8] and our results in this section are in qualitative agreement with the ones
presented in those papers.
3.2 Tensors
In this section, we briefly review the calculation of the sourced tensor power spectrum. For
tensor bispectrum signatures and their implications, see e.g. [27]. To study the effects of particle
production in the tensor sector, it is enough to consider the following action11
SGW =
∫
d4x
[
M2pla
2
8
(
h′ijh
′
ij − ∂khij∂khij
)
− a
4
2
hij
(
EiEj +BiBj
)]
, (3.42)
where hij is transverse, ∂ihij = 0 and traceless hii = 0. We can decompose hij in the usual way
to obtain the equation of motion of the canonically normalized field describing tensor modes,
hij(~x, τ) =
2
a(τ)Mpl
∫
d3k
(2pi)3/2
ei
~k.~x
∑
λ=±
Π∗ij,λ hλ(~k, τ), (3.43)
where the polarization operators are
Π∗ij,± = 
±
i (
~k)±j (~k). (3.44)
11See for example, the equations (5.10) and (5.22) in the Appendix A
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Plugging the decomposition (3.43) inside the action, we obtain the following equation of motion
for hλ(~k, τ), (
∂2τ + k
2 − 2
τ2
)
hλ(~k, τ) = Jλ(~k, τ), (3.45)
where the source term can be written as a convolution in terms of the electric and magnetic fields
Jλ(~k, τ) = − a
3
Mpl
Πij,λ
∫
d3p
(2pi)3/2
[
Ei(~k − ~p)Ej(~p)−Bi(~k − ~p)Bj(~p)
]
. (3.46)
The solution to the equation (3.45) can be written as a sum of vacuum mode and the sourced
mode that are uncorrelated: hλ = h
v
λ +h
s
λ where the formal solution for sourced term is given by
hsλ(
~k, τ) =
∫
dτ ′G3/2k (τ, τ
′)Jλ(~k, τ ′). (3.47)
Using the standard canonical quantization scheme for the gauge fields and the vacuum mode, the
tensor power spectrum can be calculated via
k3
2pi2
∑
λ
〈hλhλ〉 = ∆2h(k)δ(~k + ~k′). (3.48)
This calculation appeared in many places before [5, 27, 28], therefore we will simply state the
final result
∆2h(k) = 16φ ∆
2
ζ,v(k)
[
1 + γt φ ∆
2
ζ,v(k)
e4piξ
ξ6
]
. (3.49)
Here, the numerical factor is γt ≡ 3.4 × 10−5 and we have described the tensor power spectrum
in terms of the power spectrum of the scalar vacuum fluctuations, ∆2ζ,v for convenience.
4 Phenomenology
In the previous section, we have identified the key observables in terms of the parameter set
{ξ, φ, Nσ} of the model. We now compare them with cosmological observations in order to
constrain this parameter space. We will see that bounds on the non-gaussianities from the CMB
data, together with the requirement that the sourced tensor modes dominate over the vacuum
fluctuations of the metric leads to certain requirements for the background dynamics of the model.
4.1 Normalization of the power spectrum
The recent Planck data provide the amplitude of the power spectum at the pivot scale k∗ =
0.05 Mpc−1, ∆2ζ(k∗) ≡ As = 2.2 × 10−9 [39] which applies to the total power spectrum we have
found in the previous section. In the ∆ζ,v − ξ plane, the normalization of the power spectrum is
satisfied along the curve as a function of φ and Nσ,
∆2ζ,v(ξ, φ, Nσ) =
e−4piξ
2fγs(ξ, φ, Nσ)
[
− 1 +
√
1 + 4Asfγs(ξ, φ, Nσ)e
4piξ
]
(4.1)
where we have defined fγs ≡ γs(φNσ)2/ξ6. It is clear that if the second term inside the square
root is smaller than unity, we recover the standard result: ∆2ζ,v = As. The value of ξ where the
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sourced contribution is comparable to the vacuum depends on the specific model (through φ
at horizon crossing) of inflation and the number of e-folds the spectator field rolls, Nσ, via the
relation
e4piξ
ξ6
=
1
4Asγs
(φNσ)
−2. (4.2)
From (4.1), we see that at fixed φ andNσ, as ξ is increased, source contribution starts to dominate
and ∆2ζ,v needs to be exponentially decreased to avoid over production of scalar fluctuations. The
real concern here is to keep the sourced contribution sub-dominant compared to the standard
contribution of vacuum fluctuations. As we will show in the next section, the constraints from
non-gaussianity dominate the parameter space of interest, making the sourced contribution in
the scalar power spectrum small in (3.36).
4.2 Constraints on non-gaussianity
CMB observations provide strict constraints on the 3-pt correlators of the curvature perturbation
ζ. In the model under consideration, the signal peaks at the equilateral shape12 and therefore
the following bounds from CMB data can be applied: f eqNL < −16 ± 70 (temperature only),
f eqNL < −4±43 (T+E) at 68% CL [41]. In the following, we will impose f eqNL in (3.41) to be smaller
than 2σ limits published by Planck in order to constrain the parameter space of the model,
|f eqNL| < 124 (T), |f eqNL| < 82 (T + E). (4.3)
First, we simplify our notation by introducing the quantity X ≡ φ e2piξ/ξ3 and relabeling the
vacuum power spectrum as ∆2ζ,v ≡ P, following [7, 23]. We rewrite the expression in (3.41) as a
function of these parameters and impose the bound |f eqNL| < 82, which turns into a constraint for
the following combination of the model parameters
(Nσ)
2 P2X2 < 1.8× 10−7
(
f eqNL
82
)2/3
, (4.4)
where we have used the power spectrum normalization ∆2ζ(k∗) ≡ 2.2 × 10−9. Now, using the
bound (4.4) on the model parameters, we see that the sourced contribution of the scalar power
spectrum (3.36) is sub-dominant compared to the vacuum contribution,
∆2ζ,s < 5.1× 10−11
(
f eqNL
82
)2/3
 As.
This result implies that in light of the constraints from non-gaussianity, we can simply assume
that the power spectrum is dominated by the vacuum contribution and take ∆2ζ = ∆
2
ζ,v ≡ P = As.
One can reach the same conclusion from Figure 1 where the curve in (4.1) is shown for different
values of Nσ and φ along with the reference value f
eq
NL = 82 for each case. As f
eq
NL ∝ N3σ , the
bound on non-gaussianity saturates at different points on this curve. In Figure 1, we also show
the value of ξ where the sourced power spectrum becomes comparable to the vacuum contribution
12In the single field version of this model, the overlap between the signal and the equilateral template is shown
to be 93% [40]. This tells us that there is approximately a 10% uncertainty in constraining the model. We expect
to have a similar situation here, as the nature of particle production is essentially the same as in [40].
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Figure 1. The plane of ∆ζ,v−ξ that leads to the observed power spectrum normalization for Nσ = {5, 10},
φ = 4.1×10−3 (φ = 10−5) on the left (right), and the respective bounds |f eqNL| = 82 on this curve. Dotted
dashed lines indicates the value of ξ where sourced power spectrum becomes comparable to the vacuum
contribution and the grey dashed line stands for the reference value of As = 2.2× 10−9.
with dotted dashed lines. It is clearly visible from the figure that the bound on non-gaussianity
always saturates at smaller ξ compared to the value of ξ where the sourced scalar power spectrum
becomes comparable to the vacuum one. Another difference between the right and left panel of
Figure 1 is that for smaller φ, both the value of ξ where the sourced power spectrum becomes
comparable to the vacuum one and the value where the non-gaussianity bound is saturated shifts
towards larger values of ξ.
In summary, we would like to emphasize that the constraints on non-gaussianity from Planck
implies that the sourced contribution of the power spectrum is small and no independent con-
straints on the parameter space {ξ, φ, Nσ} of the model arise from the normalization of the
power spectrum. Therefore, in determining the strength of the secondary contribution to the
tensor power-spectrum in (3.49), we can simply apply the bounds shown in (4.3) using (3.41) and
utilize the standard form for the scalar power spectrum, ∆2ζ = ∆
2
ζ,v ≡ P. In the next section, we
will examine the strength of the sourced GW’s in the light of the non-gaussianity bounds and by
taking into account restrictions that might arise from successful model building.
4.3 Limits on the sourced tensor power spectrum
Following our discussion in the previous section, tensor to scalar ratio can be parametrized as
r ' 16φ
[
1 + γt φ P e
4piξ
ξ6
]
≡ rv [1 + δt] , (4.5)
where we defined the excess power in tensors by δt ≡ rs/rv with rv = 16φ. Using the expression
for the scalar vacuum power spectrum in (3.31): φ∆
2
ζ,v ≡ φP = (1/8pi2)(H2/M2pl), we re-write
the excess power δt as
δt(ξ,H) = 4.3× 10−7
(
H
Mpl
)2 e4piξ
ξ6
. (4.6)
We find writing δt in this way is more convenient since it can be solely expressed in terms of the
physical Hubble scale H and the parameter ξ that controls the strength of the particle production.
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Similarly, we can re-write the non-linearity parameter in (3.41) as(
f eqNL(ξ,H)
82
)2/3
' 9.1× 102 (Nσ)2
(
H
Mpl
)4 e4piξ
ξ6
. (4.7)
The expression above essentially restricts the paramater ξ that controls the efficiency of particle
production (through the factor e4piξ/ξ6) as a function of Hubble rate H and Nσ, once the bound
on |f eqNL| is applied. Combining (4.6) with (4.7) and imposing (4.3), we obtain the following upper
bound on the excess power in tensors,
δt . 28
(
10
Nσ
)2( |f eqNL|
82
)2/3(
1012 GeV
H
)2
. (4.8)
We see that once the limits from non-gaussianity are respected, we can still accomadate large
sourced contribution with respect to the vacuum GW’s for arbitrarily small values of Hubble rate
H during inflation, corresponding to small inflationary energy scales ρinf = 3H
2M2pl. However,
the allowed parameter space can be constrained further by taking into account the back-reaction
constraints (e.g. see Section 2) that we investigate now.
Back-reaction constraints. In this model, the particle production proceeds at the expense
of the kinetic energy of the pseudoscalar σ0(t) and therefore we require the kinetic energy of
the scalar to be larger than the energy density contained in the gauge fields, σ˙2
0
/2 > ρA (See
eq. (2.17)), which in turn can be considered as the source of the secondary tensor modes. The
condition, σ˙2
0
/2 > ρA can be re-written as an independent bound on ξ as a function of the ratio
of the slow-roll parameters (kinetic energies) of background fields
e4piξ
ξ6
< 1.7× 1021
(
σ
φ
)2
. (4.9)
Plugging this expression in (4.6), we reach at the following bound
δt < 1.2× 102
(
σ
φ
)2( H
1012 GeV
)2
. (4.10)
We see that at fixed Hubble scale H (or ρinf = 3H
2M2pl), it is easier to make the sourced
contribution larger by increasing the ratio σ/φ as there is enough kinetic energy available in σ
compared to the inflaton. On the other hand, for fixed ratio of the kinetic energies of the scalar
fields σ/φ, reducing H will make the bound stronger as there is less total energy available in
the system. Note that in [42], the condition σ < φ is imposed. However as shown in [9] recently
there is no reason to enforce this condition: at the level of background, having the condition
σ > φ does not affect the quasi de-Sitter expansion as far as φ  1 and σ  1, nor the
Friedmann equation as we assume ρσ  V (φ). The only potential affect of σ > φ is in the
spectral tilt of the scalar perturbations which receives contributions proportional to σ,
ns − 1 ' 2ηφ − 6φ − 4σ ≈ 2ηφ − 4σ, (4.11)
where we assumed σ > φ in the last equality. Taking into account the observed value of the
tilt, |ns − 1| ' 0.03 [39], one may only require σ < 10−2 to avoid fine tunings in (4.11) in which
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Figure 2. Constraints from non-gaussianities and back-reaction on the excess power of tensors are shown
in the δt −H plane. The back-reaction constraint is shown in blue shades (e.g. (4.10)) where we choose
σ/φ = {102, 103} for illustrative purposes. It is clearly visible that the allowed region (white) expands as
a function of σ/φ. On the other hand, the boundry for the non-gaussianity constraints (shown in orange
shades) is obtained by assuming the value Nσ = 10 in (4.6).
case the scalar spectral tilt will be controlled by ηφ. Therefore as long as σ < 10
−2, for the Nσ
e-folds in which σ is rolling, the condition σ > φ has no crucial phenomenological implication.
Following the discussion above, in Figure 2, we show the constraints obtained from (4.8) and
(4.10) in the δt −H plane. In this plot, we set Nσ = 10 in (4.8) to present the constraints from
non-gaussianities. We see that even if the spectator scalar σ rolls for ten e-folds after the CMB
modes exit the horizon, the model can still account for a sourced tensor power spectrum that is
larger than the vacuum contribution in the large portion of its parameter space. Especially, we
see that the strength of the sourced signal can be made much larger for small values of Hubble
scale H corresponding to lower energy scales for inflation, ρinf = 3H
2M2pl. Future bounds on
non-gaussianity will push the allowed δt to lower values while restricting the maximum allowed
H as indicated by the orange arrow in Figure 2.
Tensor to scalar ratio. In the model under consideration, the rolling spectator σ amplifies
only one of the helicity modes of the gauge field, which in turn leads to chiral GW’s through the
mechanism δA+ δA→ δg [28]. It is therefore important to check the strength of the signal since
chiral GW’s are a potential distinguishing feature of the model whenever the sourced contribution
dominates. As shown in [27, 43], a detection of chiral gravitational waves is possible, in principle
by experiments such as Spider [44] and CMBpol [45].
We will present our results on tensor to scalar ratio in the H − f eqNL plane in order to guide
the eye for the current and future bounds on non-gaussianity. In terms of the parameter set
{H, f eqNL, Nσ}, tensor to scalar ratio is given by the following expression
r ' 1.6× 10−5
(
H
1012 GeV
)2
+ 5.7× 10−4
(
10
Nσ
)2( |f eqNL|
124
)2/3
, (4.12)
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where we rewrote the vacuum contribution rv = 16φ using the normalization of the power spec-
trum: φ = (8pi
2As)
−1(H2/M2pl). From this expression we can immediately read the maximum
strength of the sourced contribution (second term) to r which can be as large as 5.7 × 10−4 for
Nσ = 10. Note also that to make the source contribution dominant, the following condition needs
to be satisfied in the H − f eqNL plane( |f eqNL|
124
)2/3
& 2.8
(
Nσ
10
)2( H
1013 GeV
)2
. (4.13)
On the other hand, to show the back-reaction constraint in the H − f eqNL plane, we combine the
equation (4.9) with (4.7), which allow us to replace the back-reaction constraint in (4.9) by the
following bound ( |f eqNL|
124
)2/3
. 3.3
(
Nσ
10
)2 (σ
φ
)2 ( H
1012 GeV
)4
. (4.14)
In Figure 3, we collect our results in (4.12)-(4.14) to show various contour lines of tensor to scalar
ratio r together with the constraints from back-reaction and on f eqNL in (4.3). We show our results
in the H − f eqNL plane for two different realization of mult-field inflation where the spectator field
σ rolls for Nσ = 10 (left panel) and Nσ = 7
13(right panel). In these plots, we parametrized
the backreaction constraints in (4.14) in terms of the ratio of kinetic energies of the background
fields, similar to the case in Figure 2. From the position of contour lines of r in Figure 3, we see
that a tensor to scalar ratio as large as r ∼ 10−3 can be obtained, for which sourced GW’s by
the gauge fields dominate over the vacumm ones. In particular, considering the 2σ limits on the
non-linearity parameter for the temperature data only |f eqNL| < 124, a value of r = 5×10−4 is still
allowed while the spectator can roll for ten e-folds, Nσ = 10, after the relevant modes exit the
horizon. If we restrict the background model of the spectator by reducing the amount of e-folds
to Nσ = 7, even a value of r = 10
−3 is viable. Including the Planck polarization data |f eqNL| < 82,
restricts the allowed tensor to scalar ratio to smaller values for each case: r ≈ 3 − 4 × 10−4
(Nσ = 10) and r ≈ 5 − 7 × 10−4 (Nσ = 7). We see that although the signal decrease for larger
values of Nσ, it is not too far below the projected sensitivity of the next stage CMB experiments,
r ' 10−3 − 10−4 [1, 46, 47].
Comments on the background model. If we keep the original parametrization for the
excess power in tensor modes (4.5) in terms of the slow-roll parameter of the inflaton φ, we
can gain some insight on the background model that allows for larger than vacuum sourced
contribution:
δt ≡ rs
rv
' 3.6× 10
−3
φN2σ
( |f eqNL|
124
)2/3
. (4.15)
It is clear from this expression is that the sourced contribution to the tensor power can be made
dominant only if the condition φ N
2
σ < 3.6 × 10−3 is satisfied. This condition have important
implications for the background model of both inflaton and the spectator sector. For example,
for a given model of inflation (by fixing φ at horizon crossing), it can be considered as an upper
bound on the number of e-folds Nσ that the spectator allowed to roll while keeping the sourced
13For Nσ ≤ 5, the constant roll approximation (ξ ≈ constant.) we have made in our calculations will become
less reliable.
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Figure 3. Solid contour lines: tensor to scalar ratio (4.12) in the H − f eqNL plane. The back-reaction
constraint is shown in blue shades similar to the Figure 2. The dashed orange lines indicates the current
2σ limits on f eqNL (4.3) where the region above these lines are excluded. The left hand side of the dotted gray
line indicates the parameter space where the sourced contribution dominates over the vacuum fluctuations
of the metric, i.e. δt > 1.
tensor contribution dominant compared to the vacuum one. We see that only for sufficiently
flat potentials around horizon crossing, the spectator σ is allowed to roll considerably. This can
be also verified by the Figure 2, where the allowed parameter space corresponds to relatively
small values of the Hubble parameter H which in fact corresponds to small values of φ. Keep in
mind that, one can not arbitrarily lower the Hubble scale H to obtain a larger Nσ both because
the back-reaction constraints put a lower bound on H and because for large Nσ the observable
signal r in (4.12) reduces considerably. We note that our discussion here is in agreement with the
results presented in [8, 9] (see, for example, Figure 3 of [8]) where the authors considered only a
transient roll14 for the spectator σ.
5 Conclusions
In this paper, we have considered whether continuos particle production from a rolling spectator
pseudoscalar (apart from the inflaton) can lead to a competive source of primordial gravity waves
through its coupling to the Abelian gauge fields during inflation. For this purpose, we have
identified the dominant contribution to the curvature perturbation in the presence of gauge field
sources and showed that leading constraints on the parameter space of the model is due to the non-
gaussian contribution to the scalar correlators that arise through the process δA+δA→ δσ → δφ,
in agreement with the recent results [8, 23] (See also [34] for a discussion in a similar model).
Although the paramater space of the model is constrained when we apply bounds from non-
gaussianity and backreaction effects, we find that it is still possible to generate observably large
secondary GW’s in this model (see Figure 2 and 3). This conclusion is subject to two conditions,
14In the case of a transient roll for a few e-folds, the sourced tensor and scalar correlators obtain a scale
dependence during which the signal peaks. This case has to be contrasted with the scale invariant signal that arise
in the constant roll case we are considering here.
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i.e. in order to avoid large non-gaussian scalar fluctuations that invalidates a large sourced tensor
power spectrum, we require
• The spectator scalar has to decay after a certain number of e-folds Nσ after the observable
scales exits the horizon,
• At horizon crossing, the condition φ(Nσ)2 . 10−3 needs to be satisfied.
When these conditions are satisfied, we showed that one can achieve a tensor to scalar ratio as
large as r ≈ 10−3−10−4 for which the gauge field sources dominate over the vacuum fluctuations
of the metric. In view of these results, we emphasize that the bound on the number of e-folds Nσ
that the spectator σ roll depends on the slow-roll parameter at horizon crossing and thefore it is
allowed to be larger for flatter potentials at horizon exit. As a consequence, we found that the
multi-field model we considered in this work is still in good shape both from the observational and
model building perspective: it can still give rise to observably large GW’s that originates from
the gauge field sources while the requirements on the background dynamics for this conclusion
can be easily achieved within the multi-field slow-roll inflation.
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Appendix A: ADM formalism
We focus on the action for the matter Lagrangian in (2.1) minimally coupled to Einstein gravity
S =
∫
d4x
√−g
[
M2pl
2
R− 1
2
(∂φ)2 − 1
2
(∂σ)2 − V (φ, σ)− 1
4
F 2 − σ
8f
ηµνρσ√−g FµνFρσ
]
, (5.1)
and assume the full potential is seperable with no direct couplings between the fields, V (φ, σ) =
Vφ(φ) + Vσ(σ). In order to study cosmological perturbations, we write the metric in the ADM
form,
ds2 = −N2dt2 + gˆij
(
dxi +N idt
) (
dxj +N jdt
)
, (5.2)
where gˆij is the spatial 3-metric defined on constant time surfaces. In this parametrization, the
lapse N and shift vector N i appear as Lagrange multipliers and hence can be integrated out from
the action (5.1). To study the fluctuations around the inflationary background we consider the
following gauge-fixing conditions
φ(t, ~x) = φ0(t) + δφ(t, ~x),
σ(t, ~x) = σ0(t) + δσ(t, ~x),
gˆij = a
2(t) [δij + hij ] ,
A0 = ∂iAi = 0 (5.3)
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where hij is transverse and traceless, i.e. hii = ∂ihij = 0. We can now expand the action at a
desired order to solve for N and N i in terms of δφ, δσ, hij and Ai perturbatively. Note that by
our gauge choice above and due to the fact that gauge fields do not contribute to the background
evolution, solutions to lapse function and the shift vector can not start at linear order in Ai and
hij . Therefore schematically we expect
N = N(δφ, δσ) +O(h2, A2), (5.4)
N i = N i(δφ, δσ) +O(h2, A2). (5.5)
In addition, to obtain the action upto third order in fluctuations δφ, δσ, hij , Ai, it is enough to
solve the lapse and shift to first order in fluctuations [48]. First, we begin by writing the gravity
sector in the ADM form
Sg =
1
2
M2pl
∫
d4x
√−g R = 1
2
M2pl
∫
d4x
√
gˆ N
[
R(3) +
1
N2
(EijEij − Eii2)
]
, (5.6)
where R(3) is the 3 curvature associated with the spatial metric gˆij and Eij is related to the
extrinsic curvature of constant time slices,
Eij ≡ NKij = 1
2
[∂tgˆij − ∇ˆiNj − ∇ˆjNi] , (5.7)
R(3) = gˆik∂lΓ
l
ik − gˆik∂kΓlil + gˆikΓlikΓmlm − gˆikΓmil Γlkm, (5.8)
with the connection
Γkij =
1
2
gˆkl (∂igˆjl + ∂j gˆil − ∂lgˆij) . (5.9)
Here, ∇ˆi is the covariant derivative with respect to 3-metric gˆij . Noting our gauge choice (5.3)
for the spatial metric and its inverse gˆij = a−2[δij − hij ], up to second order in fluctuations we
have
Sg = M
2
pl
∫
d4x a3
[
3H2δN − 3H2δN2 − 2HδN∂iN i + 1
8
(
h˙ij h˙ij − ∂khij∂khij
a2
)]
. (5.10)
We can neglect the higher order terms in the gravity sector as they are slow-roll suppressed
compared to the interactions of the form O(hAA) in the matter sector.
Next, we focus on the action in the scalar sector while ignoring pseudo-scalar coupling in
(5.1) for now. Since both scalar fields are minimally coupled, their action will have the same
form. Therefore we will refer to both scalar fields collectively using the notation φa = φ0a + δφa
where a = 1, 2 refers to the set of fields {φ, σ}. Similarly, for the potentials we use Va where
{V1, V2} = {Vφ, Vσ}. At leading order in scalar fluctuations, the action for a minimally coupled
scalar field δφa with a potential Va is given by
Sa =
1
2
∫
d4x a3
{ [
δφ˙2a −
(∂iδφa)
2
a2
]
− V ′′a (φ0a)δX2 − 2φ˙0aδφ˙aδN
+ φ˙2
0a
δN2 + 2φ˙0aN
i∂iδφa − 2V ′a(φ0a)δφaδN
}
, (5.11)
(5.12)
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where no summation on index a is implied. Considering the total action for scalar fluctuations,
Sg +
∑
a Sa, we can obtain solutions for the Lagrange multipliers δN and N
i in terms of the
scalar fields as,
2HM2pl δN =
∑
a
φ˙0aδφa, (5.13)
−2HM2pl ∂iN i =
∑
a
(
φ˙0aδφ˙a + V
′
a(φ0a)δφa
)
+
(
6H2M2pl −
∑
a
φ˙2
0a
)
δN. (5.14)
Plugging these solutions back in the actions (5.6) and (5.11), we obtain the following second order
action for scalar fluctuations,
S2 =
1
2
∫
d4x a3
{[
δφ˙2a −
(∂iδφa)
2
a2
]
−m2abδφaδφb
}
,
m2ab = V,ab +
(
3−
∑
c φ˙
2
0c
2H2M2pl
)
φ˙0a φ˙0b
M2pl
+
φ˙0aV,b + φ˙0bV,a
HM2pl
. (5.15)
where summation over a, b is implied and V,a = ∂V/∂φa. Note that in deriving the expressions
above we have repeatedly used the background equations of motion
φ¨0a + 3Hφ˙0a + V
′
a(φ0a) = 0, (5.16)
−2H˙M2pl =
∑
a
φ˙2
0a
. (5.17)
As far as the dynamics of scalar fluctuations concerned, it is enough to consider the leading
action above as higher order interactions will be slow-roll suppressed through the derivative of
potentials V
(n)
φ , U
(n)
σ with n ≥ 3. Particularly, in the presence of particle production in the gauge
field sector, leading interactions will be due to direct couplings to gauge fields Ai or due to the
ones induced by gravity, i.e. terms of the form δgAA. Our aim in the next section is therefore to
focus on these interactions that arise from the last two terms in the action (5.1).
Gauge Field Sector
We are interested in the part of the action (5.1) that includes gauge field and its interaction with
the spectator sector σ and gravitational fluctuations δN,N i and hij ,
S =
∫
d4x
√−g
[
−1
4
FµνF
µν − σ
8f
ηµνρσ√−g FµνFρσ
]
. (5.18)
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Keeping in mind the gauge fixing conditions A0 = ∂iAi = 0, hii = 0, we have the following
second order and third order actions
S
(2)
A =
∫
d4x a3
{
1
2a2
A˙iA˙i − 1
2a4
∂jAi ∂jAi +
σ˙0
a3f
ijk ∂jAk Ai
}
, (5.19)
SAAσ =
∫
d4x
{
− δσ
f
ijk A˙i ∂jAk
}
, (5.20)
SgAA =
∫
d4x a3
{
− δN
2a2
A˙iA˙i − δN
4a4
FijFij − N
i
a2
A˙jFij
}
, (5.21)
ShAA =
∫
d4x a3
{
− 1
2a4
hij
[
a2A˙iA˙j + ilm jnp ∂lAm ∂nAp
]}
(5.22)
Here, through the terms in the action, SgAA, more interactions between the scalar sector and the
gauge fields arise. First two of these interactions are trivial to write down using (5.13) in (5.21),
SgAA ⊃
∫
d4x a
∑
a
φ˙0a
HM2pl
δφa
{
− 1
4
A˙iA˙i − 1
8a2
FijFij
}
. (5.23)
The last term in (5.21) requires several integration by parts together with use of background
equations (5.16). This procedure leads to
SgAA ⊃
∫
d4x a
∑
a
φ˙0a
2HM2pl
δφa
{
∇−2∂t∂i
(
A˙jFij
)
+H ∇−2∂i
(
A˙jFij
)}
. (5.24)
By switching to conformal time dτ = dt/a and using the definitions of Electric and Magnetic
fields Bi = a
−2ijk∂jAk, Ei = −a−1A˙i, we can re-write the interactions in (5.24), (5.23) and
(5.20) in a simpler form
SgAA ⊃ −
∫
d3x dτ a4
∑
a
φ′
0a
2HM2pl
δφa
{
~E2 + ~B2
2
}
, (5.25)
SgAA ⊃ −
∫
d3x dτ
∑
a
φ′
0a
2HM2pl
δφa
{
∇−2∂τ
(
a4~∇.( ~E × ~B)
)}
, (5.26)
SAAσ =
∫
d3x dτ a4
δσ
f
~E. ~B. (5.27)
These results agrees with the ones presented in [40].
Source terms in the equation of motion of δφ and δσ
In flat gauge there are two gravitationally induced terms that sources the δφ equation. Here we
point out a simplification that arise in Fourier space when the two terms are combined. The first
interaction can be read easily from the action in (5.25) which in momentum space reads
J
(1)
GI (
~k, τ) = − φ
′
0
a2
4HM2pl
∫
d3p
(2pi)3/2
[
Ei(~k − ~p, τ)Ei(~p, τ) +Bi(~k − ~p, τ)Bi(~p, τ)
]
. (5.28)
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The non-local term in (5.26) on the other hand requires a bit more work. First note that in
configuration space it can be re-written in the following form
J
(2)
GI =
φ′
0
2HM2pl
a2
∇2
~∇.
(
~E × (~∇× ~E) + ~B × (~∇× ~B)
)
, (5.29)
where we have used the equations of motion of electric field together with the Bianchi identity
[49]
~B′ + 2H ~B + ~∇× ~E = 0, (5.30)
~E′ + 2H ~E − ~∇× ~B = −σ
′
0
f
~B. (5.31)
On the other hand, in (5.29), the Fourier transform of the important factors is given by
~∇.
(
~E × (~∇× ~E)
)
(~k) = kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p)Ej(~p)− ki
∫
d3p
(2pi)3/2
(k − p)iEj(~k − ~p)Ej(~p),
where we used the divergenceless condition of electric field in momentum space, ~p. ~E(~p) = 0
to simplify first term (Note that we suppressed the τ dependence of the mode functions inside
the integrals for the ease of notation). The second integral in the expression above can also be
simplified by noticing∫
d3q qi Ej(~k − ~q)Ej(~q) =
∫
d3p (k − p)i Ej(~k − ~p)Ej(~p) (5.32)
which in turn implies∫
d3p
(2pi)3/2
(k − p)i Ej(~k − ~p)Ej(~p) = ki
2
∫
d3p
(2pi)3/2
Ej(~k − ~p)Ej(~p). (5.33)
Taking into account the considerations above, we have
~∇.
(
~E × (~∇× ~E)
)
(~k) = kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p)Ej(~p)− k
2
2
∫
d3p
(2pi)3/2
Ej(~k − ~p)Ej(~p). (5.34)
Remembering that “magnetic” fields contribute less than “electric” fields in our model, we can
safely ignore their contribution inside the integrals. Therefore, the Fourier transform of the
non-local source term can be written as
J
(2)
GI (
~k) ' φ
′
0
2HM2pl
a2
k2
[
k2
2
∫
d3p
(2pi)3/2
Ej(~k − ~p)Ej(~p)− kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p)Ej(~p)
]
(5.35)
Similarly, ignoring the ~B fields in the expression (5.28), we combine the two source terms to get
a simplified expression
J
(φ)
GI (
~k) ≡ J (1)GI (~k) + J (2)GI (~k) = −
φ′
0
2HM2pl
a2
k2
kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p)Ej(~p). (5.36)
Note that gravity acts democratically on both fluctuations therefore in the e.o.m of the spectator
fluctuation δσ, there will be a term similar to (5.36) that arise from (5.28) and (5.29). On top
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of this source term, there is a direct coupling term which can be read from (5.27). Therefore in
total we have the following source term for δσ in momentum space
J (σ)(~k) ' a
2
f
∫
d3p
(2pi)3/2
Ei(~k − ~p)Bi(~p)−
σ′
0
2HM2pl
a2
k2
kikj
∫
d3p
(2pi)3/2
Ei(~k − ~p)Ej(~p),
≡ J (σ)D (~k) + J (σ)GI (~k) (5.37)
Appendix B: Details on the solutions of A+
Mode functions of the gauge field satisfy the following equations
A′′± +
(
k2 ± 2k σ˙0
2Hfτ
)
A± = 0, (5.38)
where we keep the scale factor as a(τ) ' −(Hτ)−1, by ignoring sub-leading slow-roll corrections.
For −∞ < τ < 0 and σ˙0 > 0, positive helicity modes are unstable and the solution that reduces to
adiabatic vacuum at early times, i.e. A+ → 1√2ke−ikτ as −kτ →∞, is given in terms of Coulomb
functions
A+(τ, k) ' 1√
2k
[G0(ξ,−kτ) + iF0(ξ,−kτ)] , (5.39)
where ξ ≡ σ˙0/2Hf . The approximate equality in (5.39) arise due to the assumption that the
dimensionless measure of field velocity ξ evolves adiabatically, i.e. ξ˙/ξH  1, implying
σ¨0
σ˙0H
− H˙
H2
 1. (5.40)
Further simplifications on the form of the solution (5.39) arise in the limit where ξ  −kτ ,
A+ '
√−τ
2
[
2epiξ pi−1/2K1(
√
−8ξkτ) + ie−piξ pi1/2I1(
√
−8ξkτ)
]
, (5.41)
where I1 and K1 are modified Bessel functions of first and second kind. Interesting phenomenol-
ogy due to gauge field production arise for ξ & O(1), which allows us to further simplify the
solution by taking the large argument limit of Bessel function, −8ξkτ  1,
A+ ' 1√
2k
(−kτ
2ξ
)1/4
epiξ−2
√−2ξkτ +
i√
2k
(−kτ
25ξ
)1/4
e−piξ+2
√−2ξkτ . (5.42)
In order to make these approximations to work simultaneously, we require that ξ > 1/4. On the
other hand, one can further check that these solutions satisfy the condition
A′+ =
√
2kξ
τ
A∗+, (5.43)
corolarly with Wronskian condition A+A
′∗
+ − c.c. = i. Another important aspect of gauge field
production in this model is the fact that growth of A+ modes saturates deep in the IR. This can
be seen by taking the limit −kτ → 0 in (5.41) which gives to
A+ → e
piξ
2
√
piξk
≈ const. (5.44)
We will see this saturation of the particle production from the perspective of energy density
contained in the gauge fields which we now turn in the following section.
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Expectation values involving gauge fields
The expressions we are interested in is the energy density contained in gauge fields ρA and the
expectation value of the dot product between Electric and Magnetic field 〈 ~E. ~B〉
ρA ≡ 1
2
〈 ~E2 + ~B2〉 = 1
4pi2a4
∫
dk
{
k2|A′+|2 + k4|A+|2
}
,
〈 ~E. ~B〉 = − 1
4pi2a4
∫
dk k3
d
dτ
|A+|2 (5.45)
For convinience we can write-down both integrands as quantities defined per logarithmic wave-
number by using A+ = (
√
2k)−1A˜(x) where x ≡ −kτ ,
1
H4
dρA
d ln k
=
x4
8pi2

∣∣∣∣∣dA˜dx
∣∣∣∣∣
2
+ |A˜|2
 , (5.46)
1
H4
〈 ~E. ~B〉
d ln k
=
x4
8pi2
d
dx
|A˜|2 (5.47)
Using the approximate solution in (5.41) in the (8ξ)−1  −kτ  2ξ regime, we can evaluate the
integrals in (5.45) analytically. Using the growing Real part of the A+, we can write the energy
density as
ρA =
H4 e2piξ
8pi2(2ξ)1/2
∫ 2ξ
0
dx x7/2
{
2ξ
x
+ 1
}
e−4
√
2ξx, (5.48)
where we have set the lower bound of the integral to zero as the integrands quickly vanishes in
this limit. Defining a new variable 32ξx = y2, we can re-write the integrals as
ρA =
H4
ξ3
e2piξ
219pi2
{∫ 8ξ
0
dy y6 e−y +
1
26ξ2
∫ 8ξ
0
dy y8 e−y
}
. (5.49)
Upper boundary of these integrals can be also sent to infinity 8ξ →∞ in the ξ & O(1) regime as
the integrand vanishes quickly for large enough x. This gives the result,
ρA =
H4
ξ3
e2piξ
Γ(7)
219pi2
{
1 +
1
26ξ2
Γ(9)
Γ(7)
}
. (5.50)
In the ξ & O(1) regime, the first term in the curly brackest dominates which gives the result
(2.17) presented in the main text. Following the same steps, one can also obtain the result
〈 ~E. ~B〉 = −H
4
ξ4
e2piξ
Γ(8)
221pi2
{
1− Γ(7)
Γ(8)
}
. (5.51)
Appendix C: Sourced scalar correlators
In this appendix, we derive the sourced scalar and bispectrum in the model (5.1). A good starting
point for this is the source term that appears in the correlators in (3.32) and (3.38). For this
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purpose, we first extract the Fourier transforms of ~E and ~B fields from (2.16) and use the solutions
to the mode functions A+ in (2.13) to get an explicit expression for the source term in (3.22),
J~k(τ) = −2Nσ
√
φσ
(
e2piξ
4 a(τ ′) f
)∫
d3p
(2pi)3/2
|~k − ~p|1/4|~p|1/4
[
|~p|1/2 + |~k − ~p|1/2
]
× f(τ, |~k − ~p|, |~p|) Oˆ
i,~k−~p Oˆi,~p, (5.52)
where we have symmetrized the integrand with respect to |~k − ~p| and |~p| and defined the time
dependent function f as
f(τ, |~k − ~p|, |~p|) ≡ e−2
√
2ξ (|~p|1/2+|~k−~p|1/2)√−τ . (5.53)
C.1 Power Spectrum
Using the Wicks theorem for the correlator 〈Oˆ
i,~k−~p Oˆi,~p Oˆj,~k′−~p′ Oˆj,~p′〉, 2-pt. correlator of the
source term in (3.32) is given by,
〈J~k(τ ′)J~k′(τ ′′)〉 =
N2σφσ e
4piξ δ(~k + ~k′)
8 a(τ ′)a(τ ′′) f2
∫
d3p
(2pi)3
|~k − ~p|1/2|~p|1/2
[
|~p|1/2 + |~k − ~p|1/2
]2
×
(
1 +
|~p|2 − ~k.~p
|~k − ~p||~p|
)2
f(τ ′, |~k − ~p|, |~p|)f(τ ′′, |~k − ~p|, |~p|),
where we have used the following identity for the products of helicity vectors
|~ +(~k − ~p).~ +(~p)|2 = 1
4
(
1 +
|~p|2 − ~k.~p
|~k − ~p||~p|
)2
. (5.54)
Before we plug the correlators of the sources 〈J~kJ~k′〉 in (3.32), we note that another simplifi-
cation can be made regarding the Green’s functions appearing in this expression: We compute
the correlators at late times, −kτ  1 and we observe that the sources associated with τ ′ (or
τ ′′) integrals gets most of the contribution from modes with −kτ ′ < ξ−1  1. Therefore in the
−kτ < −kτ ′  1 regime, we can approximate the retarded propagator as
G
3/2
k (τ, τ
′) ' − τ
′2
3τ2
. (5.55)
In (3.32), we therefore have
〈ζ~k(τ)ζ~k′(τ)〉s =
H6
72 φ˙2
0
f2
N2σφσ e
4piξ δ(~k + ~k′)
×
∫
d3p
(2pi)3
|~k − ~p|1/2|~p|1/2
[
|~p|1/2 + |~k − ~p|1/2
]2(
1 +
|~p|2 − ~k.~p
|~k − ~p||~p|
)2
×
(∫
dτ ′ τ ′3 f(τ ′, |~k − ~p|, |~p|)
)2
. (5.56)
28
The τ integral above can be integrated easily to give,
I[z] ≡
∫
dτ ′ τ ′3 f(τ ′, |~k − ~p|, |~p|) = −2Γ(8)
z8
, (5.57)
where z ≡ 2√2ξ
[
|~p|1/2 + |~k − ~p|1/2
]
. Noting the relation σ/f
2 = 2ξ2/M2pl, we therefore have
〈ζ~k(τ)ζ~k′(τ)〉s =
H6
72 φ˙2
0
M2pl
φN
2
σ
Γ(8)2
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e4piξ
ξ6
δ(~k + ~k′)
×
∫
d3p
(2pi)3
|~k − ~p|1/2|~p|1/2(
|~p|1/2 + |~k − ~p|1/2
)14
(
1 +
|~p|2 − ~k.~p
|~k − ~p||~p|
)2
. (5.58)
Finally, we define the dimensionless variable p∗ = |~p|/|~k| = p/k and denote the angle between
~k and ~p by θ to evaluate the momentum integral numerically. On the other hand, factors of
H4/φ˙2
0
and H2/M2pl in (5.58) can be expressed in terms of ∆
2
ζ,v using ∆
2
ζ,v = H
4/(4pi2φ˙2
0
) =
H2/(8pi2φM
2
pl). Putting all the pieces together, we arrive to the following expression
〈ζ~k(τ)ζ~k′(τ)〉s =
2pi2
k3
2.9× 10−4
(
φNσ∆
2
ζ,v(k)
)2 e4piξ
ξ6
δ(~k + ~k′). (5.59)
C.2 Bispectrum
Following the similar steps in the calculation of power spectrum, we write the correlators of the
source that goes in the to the calculation of the bispectrum in (3.38) as
〈J~k1(τ1)J~k2(τ2)J~k3(τ3)〉 = −
N3σ(φσ)
3/2 e6piξ
8 a(τ1)a(τ2)a(τ3) f3
3∏
i=1
∫
d3pi
(2pi)9/2
|~ki − ~pi|1/4|~pi|1/4
[
|~pi|1/2 + |~ki − ~pi|1/2
]
× f(τi, |~ki − ~pi|, |~pi|) 〈Oˆl,~ki−~pi Oˆl,~pi . . . 〉
Taking the expectation value, (3.38) can be written as
〈ζ~k1(τ)ζ~k2(τ)ζ~k3(τ)〉 = −
H9
33φ˙3
0
f3
N3σ(φσ)
3/2 e6piξ δ(~k1 + ~k2 + ~k3)
∫
d3p1
(2pi)9/2
[
|~k1 − ~p1||~p1||~p1 + ~k3|
]1/2
×
[
|~p1|1/2 + |~k1 − ~p1|1/2
] [
|~p1 + ~k3|1/2 + |~k1 − ~p1|1/2
] [
|~p1 + ~k3|1/2 + |~p1|1/2
]
[ products]
×
3∏
i=1
∫
dτi τ
3
i f(τ1, |~k1 − ~p1|, |~p1|) f(τ2, |~k1 − ~p1|, |~p1 + ~k3|) f(τ3, |~p1 + ~k3|, |~p1|),
(5.60)
where the products of the polarization vectors in the second line of (5.60) can be written as
[ products] ≡ +∗i (~v1)+i (~v2)+∗j (~v2)+j (~v3)+∗k (~v3)+k (~v1) (5.61)
=
1
8
[
vˆ1.vˆ2 + vˆ2.vˆ3 + vˆ3.vˆ1 + (vˆ1.vˆ2)
2 + (vˆ2.vˆ3)
2 + (vˆ3.vˆ1)
2
+ (vˆ1.vˆ2)(vˆ2.vˆ3) + (vˆ2.vˆ3)(vˆ3.vˆ1)
2 + (vˆ3.vˆ1)(vˆ1.vˆ2)− (vˆ1.vˆ2)(vˆ2.vˆ3)(vˆ3.vˆ1)2
]
.
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Similar to the calculation of the power spectrum, each τ integral in (5.60) can be calculated
analytically. The only difference here is that momentum dependent arguments of the functions
f are different so that each integral has to be taken seperately. Doing so, we obtain
〈ζ~k1(τ)ζ~k2(τ)ζ~k3(τ)〉 =
H9
33φ˙3
0
M3pl
N3σ(2φ)
3/2 Γ(8)
3
233
e6piξ
ξ9
δ(~k1 + ~k2 + ~k3)
∫
d3p1
(2pi)9/2
×
[
|~k1 − ~p1||~p1||~p1 + ~k3|
]1/2
[ products](
|~p1|1/2 + |~k1 − ~p1|1/2
)7 (|~p1|1/2 + |~p1 + ~k3|1/2)7 (|~p1 + ~k3|1/2 + |~k1 − ~p1|1/2)7
We expect the bispectrum to be maximized in the equilateral configuration, |~k1| = |~k2| = |~k3| =
k. In this case, to evaluate the momentum integrals, we align ~k1 along the z-axis and define
p∗ = |~p1|/k, where θ is the angle between ~p1 and ~k1, and φ the angle between the projection of
~p1 and x-direction on the x-y plane,
~k1 = k (0, 0, 1), ~k2 = k (−
√
3/2, 0,−1/2), ~k2 = k (
√
3/2, 0,−1/2)
~p1 = kp∗ (sin θ cosφ, sin θ sinφ, cos θ) . (5.62)
Given the expressions above (5.62), we can evaluate the momentum integral numerically to obtain
the bispectrum at the equilateral configuration
Beqζ (k, k, k) ' 10−9(Nσ)3
(
H
Mpl
)6 e4piξ
ξ6
1
k6
. (5.63)
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